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Abstract

The microstructure evolution of Cu-nanostructured powders versus the ball milling conditions was
investigated using X-ray diffraction analysis. The characteristics of as-milled Cu powder microstructure in
terms of crystallite size, dislocations and twin boundary densities were determined by fitting the simulated
X-ray diffraction peak profiles to the experimental ones in order to establish a correlation between the
powder microstructure and the ball milling parameters. It was shown that the simulated X-ray diffraction
peak profiles agree satisfactorily with the experimental ones taking into account transmission electronic

microscopy observations where twin boundaries and dislocations were observed.

INTRODUCTION

In spite of a lot of research effort, the
mechanism of phase formation during ball mill-
ing (MA) is not well understood. It is most of-
ten proposed that the process of MA introduc-
es a variety of defects (vacancies, dislocations,
grain boundaries, stacking faults, etc.) which
raise the free energy of the system making it
possible to produce metastable phases. But there
are very few investigations that deal with the
characterization and the quantification of the
defects produced in mechanically alloyed pow-
ders. As a primary investigation, the effect of
the mechanical activation mode (i.e. the fric-
tion or direct shock ones, at least the compo-
nent ratio of both components) can be assumed
on analyzing the microstructure of post-mor-
tem milled powders. X-ray diffraction (XRD) is
really a valuable technique for characterization

in terms of material microstructure. Indeed, the
ball milling of metals or alloys induces extend-
ed variations in the intensity distribution of XRD
diagrams and, in particular, in the line profile.

An influence of major planar defects,
stacking and twin faults, on the
X-ray diffraction of crystal was studied theo-
retically and reported in numerous papers [1].
Indeed, according to Warren [2], the shift, the
broadening and the asymmetry parameters of
the component profile are proportional to the
fault densities and significantly depend on the
(hkl) indices of the component reflections. Sev-
eral authors reported on the experimental evi-
dence of the influence of stacking and twin
faults on XRD profiles [2—8]. Recent investiga-
tions have shown that the conventional XRD
line profile analysis methods (i.e. Williamson—
Hall [9] and Warren—Averbach methods [10]
must be updated, in order to take into account

namely,
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TABLE 1

Ball milling conditions [Q (r.p.m.)/® (r.p.m.)/At (h)]
and ball milling characteristics determined from ref. [13]

Conditions Power, Frequency, Energy,
W /ball Hz J

150 /50 /24 h 0.18 6 0.03

250 /50 /24 h 0.79 9 0.08

350 /50 /24 h 21 12.7 0.16

the contrast effect of dislocations or planar
defects on the peak broadening.

A new whole pattern fitting procedure is pro-
posed. It takes into account the dependence of
the crystallite size, of the residual strains as well
as of the planar defects, on the XRD peak
broadening that may be observed on ball milled
materials. Such a method will allow one to un-
derstand the influence of ball milling parame-
ters for controlling the synthesis of nanostruc-
tured materials. The work concerns the XRD
modeling, in a kinematic approach, of fcc nano-
copper produced by ball milling and containing
a high concentration of structural defects.

O. BOYTSOV et al.

PREPARATION AND CHARACTERIZATION
OF MILLED POWDERS

Pure elemental copper powders were milled
with a planetary mill referred to as G5 milling
machine [11-13]. 125 ml of powders and 5
stainless steel balls (15 mm in diameter, 14 g
in mass) were sealed under air, into the stainless
steel vials. The ball to powder mass ratio is 7/1.
The rotation speed of its vials (w, anticlockwise
rotation) which are fixed onto a rotating disk
and the rotation speed of disk (Q, clockwise
rotation) can be set independently. Each milling
condition is characterized by 3 essential
parameters (Q (rpm)/w (rpm), At (h)) where At
is the duration of the milling process. The XRD
patterns of powders produced under conditions
150/50/24, 250/50/24 and 350/50/24
corresponding to three different power values
of shocks were selected to test the performance
of our model (Table 1) when the energy of
shocks is mainly favoured (i.e. when the direct
shock mode is promoted, Q > w, see details in
[12]). XRD analyses were performed with a
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Fig. 1. Fragments of experimentally (111) XRD patterns of Cu-powders which have been milled under different conditions:

1 - 150/50/24 h, 2 — 250/50/24 h, 3 — 350/50/24 h.
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D5000 Siemens high resolution diffractometer
using a monochromatic CuKp beam
(A =10.1392 nm) obtained by a curved graphite
monochromator in the diffracted beam. The
morphology and size of the crystallites (shape
and size of the coherently diffracting domains)
and the structural imperfections (microstrains,
stacking faults, etc.) in the as-milled powders
were determined using the XRD profile analysis
described by Langford and Louér [14]

Figure 1 shows fragments of (111) XRD peaks
experimentally obtained for each ball milling
condition. From these profiles which are mod-
elled by the symmetric pseudo-Voigt function,
an anomalous angular dependence of the inte-
gral breadth was observed. Indeed, a standard
Williamson—Hall plot presented Fig. 2 in the case
of 250/50/24 h milling condition, has been
found to exhibit a non-monotonous change of
the integral breadths B* = Bcos (6/A) vs.
d* = 2sin (8/\) where B is the integral breadth,
q is the angle peak position and A is the X-ray
wavelength. Despite anisotropic effect, the lin-
ear regression on Williamson—Hall data (based
on least squares method) brings an evaluation
of the apparent size and the microdistortions
for these Cu crystallites, respectively equal to
42 nm and 0.0016 for a such milling condition.

However, the average particle diameter was
estimated as being about 50 to 200 pm, from
BET specific surface measurements and assum-
ing a spherical shape. The large difference be-
tween particle size and crystallite size (20—
120 nm from Williamson—Hall plot), is easily ex-
plained by the combined effect of fracture,
agglomeration and consolidation processes that
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Fig. 2. Standard Williamson—Hall plot for a copper powder
prepared in the case of 150/50/24 h ball milling condition.
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Fig. 3. SEM photographs of Cu-milled powders according
to 150/50/24 h ball milling condition: a — view of Cu
aggregates (x200); b — view of the surface of one
aggregate (x70 000).

materials undergo during the severe mechani-
cal treatment. Besides, aggregate formation in-
duced by the ball milling process was confirmed
by scanning electron microscopy observations
(Fig. 3). The mechanically activated powders
may be considered as aggregates composed of
Cu-nanocrystallites (40—100 nm) as confirmed
by SEM observation in Fig. 3, b.

Transmission electron microscopy was car-
ried out using a TOPCON 002B microscope
(working at 200 kV, with a point resolution of
0.18 nm) on the powders as-deposited on a car-
bon grid. The possible contamination by mill-
ing media and tools was evaluated by EDX
analyses on pressed pellets. Analysis shows
slight pollution by chromium and iron, never
exceeding 1 at.%. Consequently, the effect of
these impurities was not taken into account in
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this paper. Indeed, no cell parameter evolution
of Cu was observed.

MODELING PROCEDURE

Usually, broadening of XRD peaks is known
to depend on the size of coherently diffracting
domains and the mean value of microdistortions
of the crystal lattice, but also on the presence
of dislocations and stacking faults as well. Ac-
cording to [15], let us consider that each micro-
structure characteristic gets a value which does
not depend on the value of other characteris-
tics, all components of XRD peaks can be cal-
culated as a convolution of functions describing
XRD peak profile changes caused by stacking
faults, the finite size of the coherently diffract-
ing domains (size factor), of dislocations and their
distributions in the crystal and elastic properties
of the crystal (microdistortion factor).

Thus, considering all the data discussed in
[15], the XRD intensity may be expressed as
follows:

I®)=21 (H}K]L)HDS & 0 HO) SA( ) M
where I (HSe KSe L?) is the intensity of the s-com-
ponent of a peak scattered at & angle by a crys-
tal with planar defects; [ means a convolution
procedure. The detailed description of each
function is published elsewhere [15]. For the giv-
en H?KSL? coordinates, the scattered intensi-
ty at the angle 9 can be determined as follows:

L&)=Y I, (H K L) )

where Z is a summation by all points on the

rods with indices H®K?crossing the Ewald
sphere at the scattering angle 9 and correspond-
ing to the s-components of p peak.

The result of such a procedure using a de-
fined step in 9 exhibits an intensity distribu-
tion which corresponds to broadening of the
XRD peaks only due to the presence of stack-
ing faults without taking into account crystal
distortions and the finite crystallite size. The
previous approach was used [16] to calculate
the XRD peak profiles in the case of fcc crys-
tal containing different planar defects. As a con-
sequence, it was established that different types
of defects affected variously the XRD peak

profiles, and the parameters characterizing the
XRD peak position and profile are dependent
on the defect concentration in a non-monotone
way. These results are evidence when a quan-
titative investigation of the microstructure of
the crystal containing planar defects has to be
based on a full-profile fitting of the experi-
mental XRD diagrams.

S,(9) is the function describing the s-com-
ponent broadening due to the finite size of crys-
tallites; according to [6], the XRD peak profile
can be fitted by a superposition of Lorentzian
and Gaussian functions for which the integral
breadth, B, at the angle ¥ is defined by Scher-
rer’s equation: B, = A/(Dcos 0), where A is the
wavelength of the X-ray radiation and D is the
mean size of the coherently diffracting domains.

D(®) is the function describing XRD peak
broadening due to the microdistortions of the
crystal lattice; from results reported by Ungar
et al. [24], the integral breadth, B, of the XRD
peak at the angle 9 can be presented, on a first
approximation, as B; = 2EpY/?Cy,tg 9, where
E = pY/%(mA%b%/2)!/2, A is a parameter which de-
pends on the effective outer cutoff radius of
dislocations, b is the Burgers vector, Cy;; is the
mean factor of the dislocation contrast of the
hkl peak, p is the dislocation density.

A(9) describes the XRD peak broadening
caused by the instrumental factors. Summation
should be performed for all components of a
peak.

EXPERIMENTAL VALIDATION

An analysis of the experimental XRD dia-
grams and subsequent fitting of the diagrams
were performed according to the procedure dis-
cussed above. The Gauss and Lorentz functions
with integrated breadths, respectively, B, and
B, were used as the functions describing the
size factor and distortion factor, respectively.
The best agreement between the experimental
and the calculated XRD peak profiles for dif-
ferent hkl indices was achieved by the varia-
tion of the parameters a, D and p at the con-
dition of both the size factor and microdistor-
tion factor are the Lorentz functions.

As an illustration, the peak profile of ex-
perimental XRD diagram for different copper
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Fig. 4. Comparison between: a — the experimental XRD
peak (111) and calculated XRD peak (1), b — the
experimental peak breadths (2) obtained in the case of
the ball milling condition 250/50/24 h and those obtained
from the simulated powder X-ray diagram (3).

powders is shown in Fig. 4 with the correspond-
ing peak profile modelled by the proposed ap-
proach. One can see that a satisfactory agreement
is observed between the measured and modelled
XRD peak profiles in the case of initial Cu pow-
der and milled Cu powders prepared under dif-
ferent ball milling conditions. Results of the ex-
perimental data processing according to the pro-
cedure described above are shown in Table 2.

TABLE 2

Fig. 5. HRTEM observation of nanopowders.

One can notice:

— that the non-monotonous character of the
dependence of the integral breadth with re-
spect to the scattering angle is satisfactorily
described by the proposed model.

— the XRD data indicate that the positions
of XRD peaks correspond to their Bragg posi-
tions with a high degree of accuracy. More-
over, experimental XRD peak profiles are sym-
metric. In concordance with the modelling re-
sults, these features evidence that powder con-
tains neither intrinsic nor extrinsic faults [15],
and the twin faults are the most likely present
in the structure of the materials.

— HRTEM observations were performed. For
example, a high-resolution image of a Cu-
nanograin (diameter 35 nm) is presented in
Fig. 5. The centre of the particle is metallic
copper oriented with a <110> zone axis parallel
to the electron beam. The linear contrasts
crossing the particle are associated to {111} twin
boundaries. These twin planes are also observed

Microstructural characteristics of the Cu powders produced by ball milling

Q (rpm)/w (r.p.m.)/At (h) Results of the fitting

Results of Williamson—Hall method

Concentration Mean size Dislocation Mean size Microdistortions,
of the twin SF, of crystallites, density, of crystallites, %
Y, % D, nm p, 102m™2 D, nm

0/0/0 0.3 120.6 046 1217 007

150/50/24 0.87 73.8 19 413 016

250/50/24 151 472 63 24.9 025

350/50/24 1.88 31.2 141 20.7 041
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in grains of copper nanopowder synthesised by
the cryomelting process [18]. Moreover, Huang
et al.[19] reported that multiple twins and high-
order twins are also frequently observed in
grains of copper nanopowder milled for 20 h.
From these different observations, the
presence of twin faults was taken into account
in the modelling.

— the mean value of the crystallite size ob-
tained by the XRD peak profiles fitting is nearly
equal to the value determined from the Will-
iamson—Hall method in the case when the SF
concentration is low, as is shown in Table 2, in
which the results from both procedures (our
and Williamson—Hall) are presented. Indeed, an
increase in the twin SF concentration leads to
an increase in the crystallite size difference de-
termined by these two methods.

Such changes of the Cu microstructure pa-
rameters are in agreement with those expect-
ed when the materials are subjected to mechan-
ical treatment.

CONCLUSION

Analysis of the XRD powder patterns cal-
culated in the case of a fcc polycrystalline metal
structure, containing a high concentration of
planar defects, shows that shapes and positions
of the XRD peaks are qualitatively dependent
on the type of stacking faults. The established
features of transformation of the XRD peak
profiles, as the concentration of the stacking
faults increases, can be used to reduce a num-
ber of parameters used in the fitting process.
On the basis of the developed approach, a suc-
cessful fitting of the experimental data was
performed by the simulation of XRD patterns
of fcc crystals getting stacking faults, and tak-
ing into account the finite size of crystallites

and microdistortions caused by the presence of
dislocations. However, more information con-
cerning the microstructure of these materials
should be obtained, for example, by means of
the transmission and/or secondary electron mi-
croscopy (TEM, SEM) in order to optimise the
fitting procedure. This optimisation concerns,
on the one hand, the reduction of the number
of varied parameters by identification of stack-
ing fault types and, on the other hand, the
improvement of the calculation accuracy tak-
ing into account, for example, the known shape
of the crystallites or their distributions.
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